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Cardiolipin, the main anionic phospholipid in the inner mitochondrial membrane, provides shape, charge
and osmotic support to this membrane due to its biophysical properties. In addition, it helps form respi-
ratory supercomplexes and provides functionality to mitochondrial proteins. Defects in the biosynthesis
or remodeling of cardiolipin have been related to severe diseases, such as Barth syndrome. Opi1p, a tran-
scriptional repressor for most enzymes in phospholipid biosynthesis found in Saccharomyces cerevisiae,
has been demonstrated not to affect the biosynthesis of this mitochondrial phospholipid. However, we
found that opi1 deletion compromises mitochondrial metabolism producing severe respiratory defects.
The mechanism producing this phenotype was explored and found to be a mitochondrial cardiolipin
depletion of almost 50%, resulting in low cytochrome content and high mitochondrial DNA instability.
The origin of this low cardiolipin content strongly correlated with the overproduction of inositol, an
intrinsic phenotype of this mutation. Overall, our results show that adequate regulation of phospholipid
synthesis is essential for the maintenance of mitochondrial function.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Phospholipid metabolism is tightly controlled. In yeast, it is
transcriptionaly regulated by the ino2/ino4 heterocomplex, which
contains transcriptional activators of key enzymes in this pathway.
In addition, opi1p (from overproducer of inositol) acts as a tran-
scriptional repressor for phospholipid metabolism. This regulatory
circuit acts on genes with sequences within their promoters sensi-
tive to inositol, the so-called UASino sequences (see Henry et al.,
2012 for a recent review on phospholipid metabolism). Opi1p is
anchored to the endoplasmic reticulum (ER) by means of phospha-
tidic acid and the scaffold protein scs2p. Its localization is also reg-
ulated by inositol availability and cytoplasmic pH. Phosphatidic
acid is involved in both regulatory mechanisms, since opi1p specif-
ically binds to this phospholipid (Carman and Henry, 2007). In the
ﬁrst regulatory mechanism, when cells are grown in inositol-re-
stricted medium, phosphatidic acid concentrations are high en-
ough to keep opi1p anchored in the ER membranes. Moreover,
when inositol is supplemented in the incubation medium, opi1p
is translocated to the nucleus, where it exerts its repressor mech-ll rights reserved.
estes 748, Cidade Universitá-
Martínez).anism (Ashburner and Lopes, 1995). Opi1 release is related to the
availability of phosphatidic acid in the ER membrane.
The second mechanism through which opi1p acts is related to
the ionization state of the phosphate moiety in phosphatidic acid.
Cytoplasmic alkaline pH produces an increase in the concentration
of the anionic form, leading to higher opi1p afﬁnity (Young et al.,
2010). However, when the metabolic substrate (i.e. glucose) is ex-
hausted, cytoplasmic pH is acidiﬁed, thus increasing the concentra-
tion of the undissociated form. Under these conditions, opi1p is
translocated to the nucleus, repressing the expression of UASino
genes.
Two phenotypes are especially interesting in phospholipid
metabolism: ino and opi. The ﬁrst represents an auxotrophic
requirement for inositol. This phenotype is indicative of a lack of
regulation of the INO1 gene, which encodes inositol-3-phosphate
synthase, the rate-limiting step in inositol phospholipid production
(Villa-García et al., 2011). On the other hand, the opi phenotype is
characterized by an overproduction of inositol by upregulation of
the INO1 gene (Greenberg et al., 1982a,b). This phenotype is not re-
stricted to opi1 strains, but also presents under other conditions,
such as Opi3p (the ﬁrst step of phosphatidylethanolamine methyl-
ation) and disruption of vacuolar pH homeostasis by vacuolar ATP-
ase (Hancock et al., 2006). The pleiotropic effects associated with
this phenotype have been widely characterized at the cellular level
(Jiranek et al., 1998). Strikingly, phospholipid composition (etha-
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marginally affected by this mutation, which is suggestive of sec-
ondary regulatory mechanisms involved in phospholipid homeo-
stasis. Inositol-containing phospholipid concentrations were
increased only when inositol over accumulates during the station-
ary phase (Jiranek et al., 1998. Greenberg et al., 1982a,b). However,
mitochondrial phospholipids (cardiolipin and phosphatydilglycer-
ol) and the functional effects of such changes on mitochondrial
function have never been studied in this mutant.
Under normal growth conditions, wild-type Saccharomyces cere-
visiae is Kluyver-negative, since it does not require mitochondrial
integrity to fully metabolize most carbohydrates. Interestingly,
the opi1D strain was unable to grown in fermentable substrates
when mitochondrial DNA was damaged by ethidium bromide
treatment (pet phenotype). Under these conditions, this mutant
is converted to Kluyver positive, which means that glucose metab-
olism depends on mitochondria to metabolize these substrates
(Dunn et al., 2006). Moreover, Singh et al. (2004) reported that cells
lacking mitochondrial DNA upregulated OPI1 gene. However, the
functional relationship between both processes is still unclear. In
this report we ﬁnd this mutation impairs respiration, as well as
destabilizes mtDNA, which could be directly related to the pet phe-
notype. This phenomenon leads us to explore the effects of this
knockout strain on mitochondrial metabolism. We found that both
membrane stability and respiratory activities are compromised in
this mutant strain.2. Materials and methods
2.1. Strains and culture conditions
S. cerevisiae BY4741 (MATa ura3D0 leuD0 met15D0) strain and
the isogenic strain opi1 (MATa ura3D0 leu2D0 met15D0
opi1::G418), were used throughout this study. Strains were precul-
tured in YPD broth. After reaching saturation, cultures were diluted
to an optical density of 0.01 in YP broth (1% yeast extract and 2%
casein peptone) varying the carbon source as indicated (0.5% glu-
cose, 2% glucose, 2% galactose, 2% rafﬁnose, 3% glycerol or 3% lac-
tate). Optical density was followed at 600 nm to determine
speciﬁc growth rates under each growth condition. Cultures were
incubated at 30 C under vigorous shaking (300 rpm). Media acid-
iﬁcation was used as a glucose uptake indicator since glucose is
internalized into cells with a concomitant acidiﬁcation in the
extracellular media. Culture pH was measured with a pH meter
during the growth course on YPD. Growth rate was calculated from
growth curves plotted in logarithm form versus time. A slope was
obtained to calculate the growth rate in every condition.
Diploid strains were produced by mating BY4742 (MATa
ura3D0 leuD0 met15D0) and opi1 strains as follows: Haploid
strains cultures were grown until saturation in YPD media; an
inoculum of each culture was taken and mixed into fresh YPD until
mating. Diploids were selected by methionine and lysine auxotro-
phy on SD media (0.67% YNB without inositol (from Difco), 2% glu-
cose, 20 mg/L adenine, 20 mg/L arginine, 20 mg/L histidine, 30 mg/
L isoleucine, 100 mg/L leucine, 50 mg/L phenylalanine, 200 mg/L
threonine, 20 mg/L tryptophan, 30 mg/L tyrosine, 20 mg/L uracil,
150 mg/L valine). As a control, wild type strains BY4741 and
BY4742 were also mated and selected in the same auxotrophic
media.2.2. Phenotypic characterization
Phenotypes were tested using three different approaches: ethi-
dium bromide sensitivity (pet), inositol excretion (opi) and the
ability to grow in glycerol broth media (respiratory competence). Pet phenotype: Haploid and diploid strains in YPD precultures
were diluted to an optical density of 0.01 in YPD medium sup-
plemented with 25 lg/mL ethidium bromide (ﬁlter sterilized).
Once saturation was reached, optical density was quantiﬁed
and samples were serially diluted in sterile distilled water and
spotted onto YPD and YPD plus 25 lg/mL ethidium bromide
agar plates.
 Opi phenotype: Overproduction/excretion of inositol was
determined by using de diploid strain AID-1 (Mata/Mata ade1/
ade1 ino1/ino1) an inositol-auxotrophic tester strain kindly pro-
vided by Professor Susan Henry. Strains were cultured to an
optical density of 0.01 in complete synthetic media without ino-
sitol (0.67% YNB without inositol (US Biological, Swampscott,
MA), 2% glucose, 20 mg/L adenine, 20 mg/L arginine, 20 mg/L
histidine, 30 mg/L isoleucine, 100 mg/L leucine, 30 mg/L lysine,
20 mg/L methionine, 50 mg/L phenylalanine, 200 mg/L threo-
nine, 20 mg/L tryptophan, 30 mg/L tyrosine, 20 mg/L uracil,
150 mg/L valine) and incubated overnight at 30 C. Cells were
washed and diluted in distilled water to a ﬁnal optical of 0.2.
Samples were spotted onto a SD-ino plate previously layered
with the inositol tester strain (Greenberg et al., 1982a,b).
 Respiratory competence: Strains were cultured in complete
media (2% peptone and 1% yeast extract) supplemented with
3% glycerol as respiratory substrate at an initial optical density
of 0.01. Cellular growth was followed at 600 nm.
2.3. Survival determination and mitochondrial DNA stability
Survival was determined as in Tahara et al. (2011). Brieﬂy, ali-
quots of cultures at the indicated times (1 day for diauxic or 2 days
for stationary phase) were washed in distilled water and diluted to
a ﬁnal optical density of 0.002. A sample of this last dilution was
spread on YPD agar and incubated for 2 days at 30 C. Approxi-
mately 80–100 colony forming units (CFU) grow under this condi-
tion. Additionally, a 0.002 dilution sample was spread on YPDG
medium (as YPD but 0.5% glucose and 2% glycerol). Once colonies
were counted manually, a solution of 2% agar supplemented with
5 mg/mL phenyltetrazolium was layered onto these plates and
incubated for 3 h (Ogur et al., 1957). Total petites (q0 and q) are
unable to reduce tetrazolium salts, producing pink or white colo-
nies. Respiratory competent cells present red colonies, since they
are able to reduce the tetrazolium salt. Petite formation is ex-
pressed as the percent of uncolored/pink colonies relative to the
total colonies on the plate. This technique was used to select for
mitochondrial DNA stability.
2.4. Cellular oxygen consumption
Cells at the indicated growth phase were washed twice with
cold distilled water by centrifugation (3000 rpm). Cells were resus-
pended in isosmotic medium composed of 0.6 M mannitol and
20 mM Hepes, pH 6.8, at a ﬁnal concentration of 1 g/mL cells. Res-
piration was followed using an Oroboros oxygraph, at 30 C. Incu-
bation media was composed of 20 mM Hepes, pH 6.8, 2 mM MgCl2
and 20 mM K2HPO4. Cells at a ﬁnal concentration of 25 mg/mL wet
weight were used in all respirometry experiments. Ethanol (1 lL/
mL) was used as respiratory substrate. Optimal CCCP concentra-
tions were determined individually though titrations for each
strain. The maximal respiratory stimulation was reached with a
concentration of 20 lM CCCP.
2.5. Isolation of mitochondria
Mitochondrial isolation was performed as in Peña et al. (1977).
Brieﬂy, precultures of haploid BY4741 and opi1D strains were di-
luted in 1 L fresh YPD media to an optical density of 0.01. Once
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gation and washed in distilled water. The ﬁnal pellet was resus-
pended in cold isolation medium (0.6 M mannitol, 20 mM Tris-
maleic pH 6.8, 0.2% bovine serum albumin). The cell suspension
was then mixed with one-third volume of 0.5 mm pre-chilled glass
beads and broken in an ice-jacketed bead beater. The rheostat was
maintained at half maximum speed. Mitochondria were isolated by
differential centrifugation and the mitochondrial pellet was sus-
pended in the same isolation medium without albumin. Protein
was determined using the biuret method.2.6. Respiratory activities
Cytochrome c oxidase (COX) and NADH oxidase (respiration
through alternative NADH dehydrogenase, complex III and IV)
activities were determined using a Clark-type electrode in isolated
mitochondria at a ﬁnal concentration of 0.5 mg/mL. Mitochondria
were incubated in respiration medium (0.6 M mannitol, 20 mM
Tris-maleic, pH 6.8, 2 mM MgCl2, and 20 mM K2HPO4). For COX
activity, 20 mM ascorbate and 1 lg/mL antimycin A was added to
the incubation medium. Oxygen consumption was initiated by
adding 100 lM TMPD. At the end, 1 mM cyanide was added to
determine COX-independent respiration. NADH oxidase activity
was determined in the same incubation media adding 1 mM NADH
as respiratory substrate (Schouppe et al., 1999).2.7. Mitochondrial cytochrome content
Cytochrome absorption spectra were determined in a DW200/
Ollis Aminco spectrophotometer in split mode. Mitochondria, at a
concentration of 1 mg/mL, were diluted in 0.6 M mannitol (with
this protein concentration, the mitochondrial suspension reaches
an optical density of 0.1). Oxidized and reduced spectra were
determined by adding a small amount of ferricyanide and dithio-
nite, respectively. Cytochrome content was determined by calcu-
lating the reduced minus oxidized spectra (Cortés-Rojo et al.,
2009).2.8. Mitochondrial surface charge and swelling
The ﬂuorescent probe 8-anilino naphthalene sulfonic acid
(ANSA) increases its quantum yield by binding to model mem-
branes. Thus, mitochondrial surface charge was qualitatively
determined by the increase in ﬂuorescence of this probe (Slavík,
1982). Since ANSA ﬂuorescence is dependent on the cation concen-
tration present in the incubation media, cations were eliminated
by pretreating media with an ionic exchange resin. Incubation
media is composed of 0.6 M mannitol, 20 mM Tris-maleic, pH
6.8. Surface charge was determined in time-resolved mode using
an Aminco/Ollis spectroﬂuorometer with an excitation and emis-
sion wavelengths of 385 and 495 nm, respectively. Where indi-
cated, 1 mL/mL ethanol, 15 lM ANSA, 50 lM CaCl2 and 0.05%
sodium deoxycholate (DOC) were added.
Mitochondrial swelling was determined using a DW2000 Amin-
co/Ollis spectrophotometer in split mode at 540 nm. Mitochondria
were incubated in isosmotic medium composed of 0.3 M potas-
sium acetate, 10 mM Tris-HC, pH 6.8, and 1 lg/mL antimycin.
Swelling was initiated by adding 1 lg/mL nigericin. Polyethylene
glycol (5 mM, Molecular weight 3000 Da) was added to contract
mitochondrial membranes. Mitochondria at a ﬁnal concentration
of 1 mg/mL were used in both swelling and surface charge
determinations.2.9. Cardiolipin content determination
Phospholipids were extracted from isolated mitochondria.
Brieﬂy, cells grown until the stationary phase were washed, sus-
pended and incubated during 15 min in Tris–SH buffer composed
of 10 mM Tris–HCl, pH 9 and 0.1 M b-mercaptoethanol. Cells were
washed and incubated in zymoliase buffer (1.2 M sorbitol and
20 mM phosphate buffer, pH 7, 5 mg/gcell zymoliase. Zymoliase
treatment was stopped when 80% of the initial cells were con-
verted to spheroplasts. Spheroplasts were washed in 1.2 M sorbitol
and incubated for 10 min in lysis buffer (0.3 M mannitol, 20 mM
Hepes, pH 7) and broken using a glass homogenizer. Mitochondria
were isolated by differential centrifugation.
Phospholipids were extracted from isolated mitochondria by
the method of Bligh and Dyer (1959). After extraction, samples
were dried under N2, solubilized in 100 lL chloroform: isopropanol
(1:1, v/v) and 10 lL were applied on a TLC. Phospholipid standards
were prepared by dissolving commercially available lipids in meth-
anol at approximately 3.5 mM. An aliquot of the standards and
samples were applied as bands (4 mm, track distance 8 mm, appli-
cation volume: standards 5 lL, samples 10 lL) using the Automatic
TLC Sampler (LINOMAT 5, CAMAG) on a HPTLC silica gel 60 F254
plate (10  10, Merck, #1.05628.0001) previously dried at 100 C
for 1 h. TLC plate development was carried out with 10 mL chloro-
form, ethanol, water and triethylamine (35:35:7:35, v/v/v/v) in a
Twin Trough Chamber (ADC2, CAMAG), up to a migration distance
of 80 mm from the bottom edge. The plate was revealed by spray-
ing sulphuric acid (50%) and heated on a hot plate until the visual-
ization of the bands as brown-darks spots. Densitometry analysis
of the bands corresponding to cardiolipin (Rf = 0.70) and phos-
phatidylcholine (Rf = 0.15) was performed with 1.44p ImageJ
software (NIH, USA). A linear calibration curve for Tetraoleylcardi-
olipin (TOCL) was obtained by applying different concentrations of
the standard (0.5 mM, 1 mM, 1.5 mM and 2 mm; quantitative
curve, y = 1193.8x–179.5 R2 = 0.9937). For quantitative purposes,
TOCL band area was normalized against weight of the mitochon-
drial samples used for extraction.2.10. Statistical analysis
Three independent experiments were performed and each rep-
lica determined in triplicate. Data were analyzed by two-way AN-
OVA using Origin 7.0. A p < 0.05 was considered statistically
signiﬁcant.3. Results
3.1. Carbohydrate metabolism is not impaired in the opi1 strain
It is well established that during metabolite-repressing condi-
tions, i.e, 2% glucose, yeast gradually loose viability during the sta-
tionary phase, as determined by a decrease in the number of
colonies over time. Conversely, in low glucose media (0.5%),
repression of respiration by glucose is not as stringent as in 2% glu-
cose cells. In addition, the chronological lifespan (or survival in the
stationary phase) of 0.5% glucose cells is higher than those cultured
in 2% glucose (Smith et al., 2007). This increased survival is directly
related to improved mitochondrial respiratory capacity (Tahara
et al., 2011, 2013). The effect of low glucose was analyzed in the
opi1D strain and we found that they did not increase their survival
in the stationary phase when incubated in low glucose when com-
pared with the wild-type strain (Fig. 1), suggesting possible respi-
ratory defects.
To further explore a possible respiratory defect produced by this
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Fig. 1. Survival of wild-type and opi1D strains. Survival was determined by colony
counting of cells growing in complete media supplemented with 2% or 0.5% glucose
until (h) the diauxic shift and (j) the stationary phase. P < 0.05, relative to the
diauxic shift. Mean value ± SEM of at least 3 experiments in triplicate.



























































2 % 0.5 %
Fig. 2. Respiratory response in intact cells grown until the stationary phase. (A)
Representative trace of oxygen consumption from cells in stationary phase cells
growing in YPD with 2% glucose. (B) Respiratory control ratio in wild type and
opi1D strains. Cells were incubated at a concentration of 25 mg/mL in respiratory
buffer (20 mM Hepes pH 6.8, 2 mM MgCl2, 20 mM K2HPO4) supplemented with
1 lL/mL ethanol as respiratory substrate and 20 lM CCCP, included at the end of
the experiment to obtain the maximal respiratory capacity. h, logarithmic, ,
diauxic and j, stationary phases. (B) P < 0.05, relative to the logarithmic phase.
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lactate. As observed by the speciﬁc growth rates (calculated from
growth kinetics in Supplementary Fig. 1) in Table 1, cellular growth
in opi1Dwas not affected in glucose and galactose. Moreover, med-
ia acidiﬁcation was not affected in this strain, which indicates that
glucose uptake was not impaired (not shown). A small but signiﬁ-
cant decrease was observed in the growth rate in rafﬁnose, a sub-
strate strongly linked to respiratory metabolism. Glycerol and
lactate metabolism is directly linked to complex III (via glycerol-
3 phosphate dehydrogenase-ubiquinone pool) and IV (via lactate
dehydronase-cytochrome c) respectively. Thus, if this mutation af-
fects the respiratory chain, the metabolism of these substrates will
be compromised. The mutant strain growing in these metabolites
presented an important decrease in the speciﬁc growth rate, which
again indicated that a defect in the respiratory chain is present.
Altogether, our results indicate that respiratory metabolism is af-
fected by the deletion of opi1, but not abolished, and that this lim-
its survival.Mean value ± SEM of at least 3 experiments in triplicate.
Table 1
Speciﬁc growth rates (h1) for wild-type and opi1D strains on the indicated
substrates.
Carbon source Wild type opi1D
Glucose (2%) 0.42 ± 0.01 0.40 ± 0.01
Glucose (0,5%) 0.48 ± 0.06 0.43 ± 0.02
Glycerol 0.13 ± 0.0043* 0.097 ± 0.0086
Lactate 0.166 ± 0.0055* 0.11 ± 0.01
Galactose 0.15 ± 0.0076 0.16 ± 0.003
Rafﬁnose 0.21 ± 0.005* 0.19 ± 0.006
* P < 0.05 relative to opi1D strain.3.2. opi1 Mutation affects mitochondrial metabolism pleiotropically
To gain further insight into mitochondrial functions affected by
this mutation, we measured mitochondrial respiration in intact
cells in the presence of the diauxic substrate ethanol, which is
metabolized in mitochondria. Fig. 2A presents a representative
trace of this experiment. At the end of the trace, a protonophore
(CCCP) was added to attain the maximal respiratory capacity. The
ratio between ethanol-induced and CCCP-stimulated respiration
(respiratory control ratio, RCR) indicates the functional state of
the mitochondrial respiratory chain. The higher this ratio is, the
better the mitochondrial reserve respiratory capacity. Fig. 2B pre-
sents pooled results of this experiment. All strains and growth con-
ditions present a low RCR during the logarithmic phase. However,
as cells enter diauxic and stationary phases, glucose repression is
overcome and respiratory capacity is improved. As mentioned ear-
lier, during low glucose conditions (0.5% glucose), respiratory
capacity is improved. As observed in this ﬁgure, the wild-type
strain presented a higher RCR in 0.5% glucose than 2% glucose in
the diauxic and stationary phases. In both phases, wild-type cells
presented a higher basal respiration and also a larger response to
CCCP, indicating a higher respiratory capacity than the mutant
strain. Moreover, the opi1D strain was almost insensitive to CCCP
during both growth phases, as observed by the low RCR ratio. In
addition, in low glucose culture conditions, that favor respiratorymetabolism, only the wild-type strain was responsive to CCCP,
again supporting the data in Fig. 1 and Table 1 indicating that mito-
chondrial respiration is affected by this mutation.
To seek the origin of this respiratory defect, activities of respira-
tory chain components were analyzed in isolated mitochondria.
Two mitochondrial activities were tested, cytochrome c oxidase
(COX) and NADH-dependent oxygen consumption activity (NADH
oxidase). Experiments were performed in the presence of CCCP,
to attain the maximal respiratory activity. As observed in Fig. 3A,
both activities were very signiﬁcantly decreased in opi1 cells. To
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Fig. 3. Respiratory activities and cytochrome content in isolated mitochondria. (A)
Respiratory activities. Mitochondria (0.5 mg/mL) were incubated in 0.6 M mannitol,
20 mM Tris-maleic, pH 6.8, 2 mMMgCl2, 20 mM K2HPO4. h, NADH oxidase activity;
NADH at a ﬁnal concentration of 1 mM was included as respiratory substrate. j,
Cytochrome c oxidase activity; incubation media was supplemented with 20 mM
ascorbate, 1 lg/mL antimycin A and 100 lM TMPD. (B) Mitochondrial cytochrome
content. Differential spectra were recorded after subtracting ferricyanide-oxidized
versus dithionite-reduced mitochondria. P < 0.05, relative to wild-type. Mean
































Fig. 4. Mitochondrial inner membrane biophysical properties. (A) Passive swelling
induced by KAc/nigericin. Mitochondria (0.5 mg/mL) were incubated in 0.3 M
potassium acetate, 10 mM Tris–HCl, pH 6.8, and 1 lg/mL antimycin. Where
indicated, 1 lg/mL nigericin and 5 mM poliethylene glycol were included. (B) Inner
membrane surface charge. Mitochondria were incubated in deionized media
composed of 0.6 M manitol, 20 mM Tris-maleic, pH 6.8, and 15 lM ANSA. Where
indicated, 1 mL/mL ethanol, 0.5 mg/mL mitochondria, 50 lM CaCl2 and 0.05%
sodium deoxycholate (DOC) were added. Representative traces of at least three
similar repetitions.
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photometry. Fig. 3B shows a representative differential spectrum
of isolated mitochondria: all cytochromes are diminished in the
opi1Dmutant, demonstrating a widespread depletion of mitochon-
drial respiratory chain components. Moreover, the absorption band
around 575–580 nm was higher in the opi1D strain, indicating an
accumulation of unassembled hemes (Rak et al., 2007).
Next, we veriﬁed if mitochondrial membrane integrity was the
origin of lower COX activity in the opi1D mutant. It has been re-
ported that COX activity and assembly is dependent on membrane
composition and integrity (Böttinger et al., 2012; Gohil et al.,
2004). Swelling experiments in potassium acetate/nigericin-isoos-
motic media were chosen to exclude the involvement of mitochon-
drial carriers or respiratory chain activities. Mitochondrial
membranes in the mutant strains were unable to swell to the same
amplitude as the wild-type strain, which may indicate that opi1D
strains possess intrinsically swollen mitochondrial matrixes
(Fig. 4A). To corroborate this hypothesis, high molecular weight
polyethylene glycol was included after mitochondria were com-
pletely swollen. opi1D mitochondria were unable to contract the
same amplitude as wild-type strain, which indicates morphologi-
cally altered mitochondria. Moreover, when surface charge was
qualitatively assessed with the anionic probe ANSA, opi1D mito-
chondria were found to possess a lower negative surface chargethan wild-type (Fig. 4B). Calcium additions were included to attain
maximal ANSA binding; calcium helps hide the negative charges in
membranes, easing ANSA-phosphatidylcholine interactions, since
this probe binds to zwitterionic phospholipids. These results sug-
gest that the mitochondrial inner membrane of opi1D cells is
intrinsically unfolded and presents a lower content of anionic
phospholipids, thus avoiding steric hindrance for ANSA to bind to
zwitterionic phospholipids.
Another important component linked to the inner mitochon-
drial membrane is mitochondrial DNA (mtDNA) (Zhong et al.,
2004). Wild type S. cerevisiae strains are able to survive in the ab-
sence of mitochondrial DNA. The most notorious phenotype pre-
sented in these strains is the size of the colonies formed: they
are smaller than parental strains, and are called petite. We analyzed
if opi1D mitochondria has unstable DNA, measured as the fre-
quency of petite formation. As observed in Fig. 5, petite frequency
is greater in this mutant, a ﬁnding indicative of DNA instability.
Moreover, this frequency is higher during the transition from fer-
mentative to respiratory metabolism, which impairs the diauxic
shift in this mutant. As expected, wild-type cells produced petites
at low levels and this is even lower in the stationary phase.
Since all the changes found in the opi1Dmutant may be related
to changes in cardiolipin content and consequent effects on respi-
ratory chain formation, cardiolipin was measured in mitochondria
from wild-type and opi1D strains. Phospholipids were extracted
and analyzed by thin layer chromatography (Fig. 6A). Cardiolipin
content was about 50% lower in the mutant strain. (Fig. 6B). How-



















Fig. 5. Petite formation frequency (mitochondrial DNA stability) in tested strains.
Experimental conditions were similar to Fig. 1 but cell suspensions were cultured in
YPDG (0.5% glucose and 3% glycerol). Petite formation was determined by spreading
a layer of 2% agar supplemented with 5 mg/mL triphenyl tetrazolium salt. h, wild-
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Fig. 6. Cardiolipin content in isolated mitochondria. (A) Thin-layer chromatography
of isolated mitochondrial phospholipids. (B) Cardiolipin quantiﬁcation. P < 0.05


















Fig. 7. Survival in cardiolipin mutants. Experimental conditions were similar to
Fig. 1. Mutants lacking cardiolipin synthetase (cdr1D), tafazzin (taz1D) and opi1
(opi1D) are shown. h, 2% YPD, j, 0.5% YPD. P < 0.05 relative 0.5% YPD. Mean
value ± SEM of at least 3 experiments in triplicate.
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(PI) or serine (PS). Furthermore, we did not detect any increase
in the concentration of PG. These results demonstrate that the de-
crease in cardiolipin content is probably attributable to a partial
inhibition in an upstream step speciﬁc to cardiolipin biosynthesis.
To test this hypothesis, we measured the response of cardiolipin
synthase (crd1D) and tafazzin (taz1D) strains to non-repressingconditions in low glucose media. Phosphatydylglycerol and mono-
lysocardiolpin accumulate in these strains and both phospholipids
can replace cardiolipin in certain functions. Moreover, this re-
sponse is not observed in the phosphatidylglycerol synthase
(pgs1D) strain, which has severe respiratory defects with de-
creased viability and lifespan (Zhou et al., 2009). Survival in the
stationary phase was found not to be altered in cdr1D or taz1D
strains (Fig. 7). These results suggest that the phenotype in the
opi1D strain is produced upstream from these enzymatic steps
(Crd1p and Taz1p) in the cardiolipin biosynthetic pathway. From
the data in Figs. 3–6, we conclude that opi1D deletion produces
pleiotropic respiratory effects involving mitochondrial mem-
branes, respiratory proteins and mtDNA, restricting growth in
non-fermentable substrates.3.3. Wild-type respiratory competence is rescued by gene dosage
We next further investigated the mechanism in which OPI1
deletion affects mitochondrial function. Wild-type and opi1D
haploid strains were mated with the aim to analyze three phe-
notypes: overproduction of inositol (opi phenotype), ethidium
bromide sensitivity (pet phenotype) and respiratory compe-
tence. As previously reported by Greenberg, the opi1D phenotype
is recessive in a heterozygotic background (Greenberg et al.,
1982a,b). In inositol overproducing strains, i.e, opi1D, inositol is
excreted into the culture media allowing the inositol-auxotro-
phic tester strain to resume growth. This effect was only ob-
served in the haploid opi1D strain. Moreover, as observed in
Fig. 8A, inositol is not excreted by the diploid heterozygote
strain, as reﬂected by the fact that the indicator strain was un-
able to grow in a halo around all strains except opi1D. Moreover,
the mitochondrial-related pet phenotype was also recessive in
the diploid heterozygote strain (Fig. 8B). These observations indi-
cate that just one functional allele is necessary to rescue the
wild type phenotype.
Finally, to determine if the opi1 phenotype is related to the
mitochondrial defects observed previously, we analyzed a third
phenotype, respiratory competence. Growth in glycerol media
was determined for both haploid and diploid strains. As observed
in Fig. 8C, the opi1/OPI1 strain presents a wild-type phenotype.
Moreover, when these strains were grown in glucose until the sta-
tionary phase and respiratory capacity was measured, the opi1/
OPI1 diploid strain presented a rescued respiratory phenotype, at






























































































Fig. 8. Phenotypic characterization of haploid and diploid strains. (A) opi phenotype. A sample of the strain was spotted in SD ino media previously layered with an AID
indicator strain. A halo around the strains indicates the presence of overproduction of inositol. (B) pet phenotype. Cells were precultured until saturation with ethidium
bromide and serially diluted in YPD media supplemented with 25 lg/mL ethidium bromide. Strains with this phenotype are unable to grow under these conditions. A control
is shown without a pretreatment with ethidium. (C) Growth kinetics in glycerol media (respiratory substrate). (D) Cellular oxygen consumption in cells growing in glycerol
media. Experimental conditions were those described for Fig. 2. P < 0.05 relative to wild-type haploids. Mean value ± SEM of at least 3 experiments in triplicate.
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We propose (Model 1) that increasing the concentration of ino-
sitol in the mutant strain initiates a response culminating in the
reduction in anionic phospholipid content. This decrease destabi-
lizes mitochondrial membranes by decreasing their ﬂexibility (this
report and Koshkin and Greenberg, 2002). The almost 50% decrease
in cardiolipin triggers the instability of mtDNA by impeding DNA
binding protein anchorage to the inner membrane. This explains
the higher frequency of petite formation. mtDNA encodes for sev-
eral subunits of respiratory complexes including Atp6p, Atp8p,
Atp9p, Cob1, Cox1p. It has been demonstrated that cells lacking
subunits of any respiratory complex have morphologically altered
mitochondria and accumulate unassembled respiratory complexes
(Rak et al., 2007) such as those seen in the opi1D strain (Fig. 3B). A
lower content of assembled proteins promotes a decreased activity
in respiratory proteins as a whole (NADH oxidase) or individually
(COX).
The experiments shown here also demonstrate that the effect of
opi1D is at a point upstream of cardiolipin synthase since cdr1D
and taz1D have no appreciable defects in survival during respira-
tory or fermentative growth (Fig. 7). Cardiolipin biosynthesis is
the only phospholipid biosynthetic pathway which does not dis-
play regulation by phospholipid precursors such as choline and
inostitol. However, several reports show that at least phosphtaydil-
glycerol phosphate synthase (Pgs1p) is indirectly regulated by ino-
sitol (Zhong and Greenberg, 2003; He and Greenberg, 2004). In thisModel 1. Effects exerted by inositol on mitochondria. (A) Wild-type mitochondria. Card
stabilized in cardiolipin-containing membranes which favor respiratory chain biogenesi
from the opi1D strain. Inositol overproduction is targeted to mitochondria, where
phosphorylation decreases the rate of cardiolipin production. A decrease in cardiolipi
respiratory chain biogenesis and consequently leads to low respiratory activity.regard, inositol triggers a signaling cascade which results in the
phosphorylation of Pgs1p. The protein responsible for Pgs1p phos-
phorylation has not been identiﬁed, but, supporting this report,
cardiac cells treated with phosphatase inhibitors such as okadaic
acid, calyculin A and ceramides present enhanced biosynthesis of
cardiolipin due to Pgs1p activation (Xu et al., 1999).
In conclusion, these reports support the existence of an intimate
relationship between membrane composition, respiratory chain
activity, mtDNA stability and survival. Although it has been dem-
onstrated that other anionic phospholipids may exert similar func-
tions to cardiolipin, a precise equilibrium in these phospholipids is
necessary to keep ideal mitochondrial homeostasis, for example in
maintaining an optimal surface charge in the inner membrane.
This explains the decreased survival observed during non-repress-
ing conditions, which is related to mitochondrial metabolism.
Moreover, our results demonstrate that all branches in phospho-
lipid metabolism are interrelated at transcriptional or biochemical
levels.
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